Résumé. 2014 Abstract. 2014 The use of X-ray imaging to assess variability in ceramic fabrication is common in archaeological studies aimed at examining ancient pottery technologies. In this paper, a method based on the measurement of individual pores orientation is presented. This method is successfully applied to ceramic specimens of known origin whose structure signified different deformation histories.
Introduction
In many fields of investigation, e.g. medical checkups, non-destructive material analysis, mineral or metallurgical content analysis, X-ray imaging techniques have been demonstrated to provide valuable qualitative data on the internal structure of most of the living creatures and materials. The use of X-ray imaging to assess variability in ceramic fabrication is common in archaeological studies aimed at examining ancient pottery technologies [1] [2] [3] [4] [5] [6] [7] . These studies are based on empirical observations that the various deformation rates applied to clay for forming vessels according to different techniques, induce specific structural patterns that may be detected visually on X-radiographs. Key indicators include orientation of particles and voids and shapes of voids. One presents in this paper that it is possible to go beyond this simple qualitative description and to assess whether or not the pore space presents a preferred orientation. For this purpose, one considers successively the results from two methods: 1) the grey-level granulometry using isotropic and anisotropic structuring elements, and 2) a method based on the measurement of orientation of individual pores. One demonstrates that, contrary to the grey-level granulometry, this later The digital X-ray images used were obtained following a two step procedure. In the first step, radiographic exposures of the samples were obtained on Kodak Industrex R film. The resulting image depends on the X-ray intensity received after attenuation by the sample. X-ray attenuation through a homogeneous substance is given by Lambert's law and is proportional to sample thickness, gravimetric density and the attenuation coefficient. To reduce geometrical distortions, samples are imaged as close as possible to the X-ray beam axis and the emulsion surface [9] . Thickness of samples should not exceed 10 mm in order to limit image distortion related to the integration of three-dimensional information onto a plane. The second step of the procedure is to digitize the radiographs using a document-scanner. Images were scanned at a resolution of 300 dpi, which results in a pixel length and width of 84 03BCm. To perform correct thickness and porosity assessments from Lambert's law, it was necessary to know the relation between the image grey-levels and the transmitted X-ray intensities. An empirical calibration was conducted using a wedge of quartzite 0 to 10 mm thick for some reference exposures. It was found that the film/scanner response is quite linear within a grey-level range from 30 to 255.
Pierret et al. [8] showed how Lambert's Law of X-ray attenuation combined with some simple measurements can be used to separate thickness variation from porosity information in radiographs of any ceramic fragment. This results in a calibrated porosity image which is used to quantify the orientation of pore space. 3 (Fig. 2) . There is a sharply-defined gap between the mean porosity value peak and larger porosity values. Therefore, the porosity images were segmented by threshold from the value corresponding to the first peak just beside the mean porosity value peak. Practically, this corresponds to a cutoff value of 0.99 x the average porosity of each sample. This implies that only large pores or groups of small pores are selected. The components selected after segmentation are a particular representation of individual pores. Fig. 1. -a between horizontal and the line linking each pixel to its furthest neighbour is computed and allocated to the corresponding pixel.
3.2.2 Orientation. -There is a number of parameters that can be used for orientation measurements on binary images [11] . However it is known that the most robust descriptors are those derived from all the pixels of the individual components rather than those taking into account only pixels around the periphery, for example, the maximum Feret's diameter [12] . Given that we are particularly interested in the problem of bent anisotropy, measurement of orientation of pores in the binary image was achieved by examining each pore and its position columnand row-wise in the image. First, each pore is given a unique label. Each pixel in each pore is marked with the direction of the pixel farthest from it within the pore (Fig. 3) . This information is summarised by storing the mean and variance of each pore. Figure 4 show the results obtained when it is applied to the same test images used to evaluate the grey-level granulometry approach (Figs. la,  lb) . The binary measurements appear to describe the anisotropy and are easy to interpret despite Figure 5 . The histogram of the orientation image shows an even distribution of orientations values, and no global preferential orientation of the pore pattern can be inferred for this sample (Fig.  6a) . The plot of mean orientation as a function of width shows a rather regular distribution centered on 90° to horizontal (Fig. 6b) . However, the plot of mean orientation versus height reveals a non-clustered distribution of the mean orientation (Fig. 6c) . Therefore, from the comparison of the three graphics, one can assess that the pore pattern of this sample is quite isotropic. (Fig. 8b) . The plot of mean orientation as a function of height shows a mean orientation distribution shifted to the 140-160° orientations (Fig. 8c) . This provides evidence of well-expressed anisotropy of the pore pattern of this sample.
Conclusion
A method based on combination of conventional X-radiography and image processing for quantification of orientation of pore patterns of deformed clay has been presented. The samples studied are ceramics for which the proposed approach provide calibrated data on the basis of which technological conclusions can be inferred. By comparison with conventional qualitative analysis, this provides progress for reproductibility and sensitivity of the diagnostics. Moreover, it is noticeable that our methodology is easy to perform, low-cost and relatively rapid, so that it can be considered well fitted to the field of archaeological research for which it has been designed.
